Introduction

33
Posttranslational modifications with the protein modifier ubiquitin are best known for proteins that contain these motifs -can depending on their mode of action either 49 promote or prevent the degradation of ubiquitylated proteins.
50
In yeast, the ubiquitin-selective segregase Cdc48 (also known as valosin-51 containing protein (VCP) or p97 in mammals) is an interaction hub for proteins that 52 modulate ubiquitylated proteins (Jentsch and Rumpf, 2007) . While the intrinsic Rad23 to function as a reusable shuttle that delivers its ubiquitylated cargo, which is 75 bound to the ubiquitin binding UBA1 and UBA2 domains, at the proteasome where the 76 cargo will selectively bind to the ubiquitin receptors that reside in the regulatory particle ) expressed from the endogenous promoter (Fig. 1A) . This 117 interaction was further validated by showing in the reciprocal immunoprecipitation that 118 endogenous Cdc48 was pulled down with FLAG-tagged Ubp12 ( FLAG Ubp12) (Fig. 1B) .
119
Ubp12 is a member of the ubiquitin-specific protease (Ubp) family that is (Fig. 1D) .
130
To understand the functional importance of the Ubp12-Cdc48 interaction,
131
we analyzed the degradation of Cdc48-dependent proteasomal substrates. Cdc48 has 132 originally been implicated in the ubiquitin/proteasome system by its identification as a 133 critical factor for proteasomal degradation of ubiquitin fusion degradation (UFD) 134 substrates (Johnson et al., 1995) and N-end rule substrates (Ghislain et al., 1996) . In 135 line with a role of Ubp12 in degradation of Cdc48-dependent substrates, turnover 136 analysis revealed that the UFD substrate Ub G76V -GFP was stabilized upon 137 overexpression of Ubp12 (Fig. 1E) , while expression of the catalytically inactive 138 Ubp12 C372S mutant did not delay degradation indicating that its deubiquitylating activity 139 is required for the stabilizing effect (Suppl. Fig. S1 ). Also degradation of the N-end 140 8 Gödderz and Dantuma rule substrates Ub-R-GFP, which is targeted by its N-terminal arginine residue upon 141 cleavage of the ubiquitin moiety by ubiquitin C-terminal hydrolyses (Varshavsky, 1996) , 142 was impaired upon overexpression of Ubp12 (Fig. 1F) . Surprisingly, the Cdc48-143 dependent model substrate DEG1-GFP, which is based on the natural degradation 144 signal of the yeast mating factor Matα2 (Chen et al., 1993), was not affected by Ubp12 145 overexpression (Fig. 1G) . Together these data show that Ubp12 is a Cdc48-interacting 146 DUB that stabilizes some, but not all, Cdc48-dependent substrates.
148
Ubp12 modulates Rad23 ubiquitylation 149 We noticed that a difference between these Cdc48-dependent substrates is their 150 reliance on the ubiquitin shuttle factor Rad23 for proteasomal degradation. Thus,
151
whereas Ub G76V -GFP (Suppl. Fig. S2A ) and Ub-R-GFP (Suppl. Fig. S2B (Fig. 2B) . Interestingly, the interaction with Ubp12 was strictly dependent on the N-
163
terminal UbL domain of Rad23 (Fig. 2C) .
164
Rad23 has been found in a large-scale mass spectrometric analysis to be 165 ubiquitylated at multiple lysine residues in its UbL domain but the functional 166 significance of these modifications has remained elusive (Swaney et al., 2013) .
167
Immunoprecipitation of endogenous Rad23 indeed revealed the presence of a band (Fig. 2D) (Fig. 2E) . We wondered if the interaction 178 between Ubp12 and Rad23 had an effect on the ubiquitylation status of Rad23. Indeed,
179
we found that the steady-state levels of these ubiquitin-modified Rad23 species were 180 increased in a strain lacking Ubp12 (ubp12Δ) and decreased upon overexpression of 181 Ubp12 in line with Ubp12 being a DUB that targets Rad23 ubiquitylation (Fig. 2E) . In 182 order to investigate whether this activity is unique to Ubp12, we analyzed the 183 ubiquitylation status of Rad23 using deletion strain for each of the deubiquitylating 184 enzymes belonging to the Ubp family with the exception of Ubp8 (data not shown). We
185
found that only deletion of Ubp3 also resulted in an increase of ubiquitylated Rad23
186
(Suppl. Fig. S3A ), but concluded that this was likely to be an indirect effect since this The UbL domain of Rad23 is ubiquitylated 211 We aimed to identify the lysine residue within Rad23 that is modified with the ubiquitin 212 chain. Rad23 contains fifteen lysine residues of which all, except for one, are located 213 in the N-terminal UbL domain (Fig. 3A) . Supporting the idea that the UbL domain is 214 the target for this ubiquitylation event, we observed that deletion of this domain 215 abrogated ubiquitylation of Rad23 (Fig. 3B) . In order to identify the lysine residue(s) 216 that serves as ubiquitin acceptor site(s) in Rad23, we generated a collection of Rad23 217 mutants in which one or several lysine residues were simultaneously replaced by 218 arginine residues (Suppl. However, substitution of all the lysine residues in the UbL domain, in contrast to 
284
Unlike the situation for Rad23, we found that the levels of ubiquitylated proteins that 285 were bound to Dsk2 were comparable under both conditions (Fig. 4F) . We conclude (Fig. 5A) . However, expression of Rad23 (Fig. 5C) . Also this phenotype was aggravated when canavanine 319 sensitivity was analyzed in the rad23Δrpn10-UIM strain, which in addition to the Rad23 320 deletion also expressed an Rpn10 subunit that lacked the ubiquitin interaction motif 321 (UIM). Thus, whereas wild-type Rad23 improved the growth of the rad23Δrpn10-UIM 322 strain, the Rad23 UbLK0 variant was unable to restore growth (Fig. 5D) Moreover, at any given time only a small fraction of Rad23 is modified with ubiquitin 362 conjugates whereas interference with Rad23 ubiquitylation has a strong effect on 363 degradation, which would be more consistent with a rather transient modification of
364
Rad23 being required for degradation rather than a conditional regulatory switch.
365
Based on the present data, we propose an alternative, although not mutual 366 exclusive, model in which a Cdc48-regulated deubiquitylation changes the properties of Rad23 in a dynamic fashion that contributes to the directionality in substrate delivery.
368
Interestingly, ubiquitin is not only a signal for delivery of the proteins to the proteasome 369 but also targets substrates to Cdc48 and other ubiquitin-binding proteins that act 
374
However, while ubiquitin chain elongation may be important at the events that occur 375 before the delivery at the proteasome, the proteasome itself has a broad specificity for Infrared Imaging System. The latter system was also used for signal quantification. 
695
Growth was examined after 3 to 5 days of incubation, depending on the temperature. 
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